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 As popular as the application of Proportional Integral Derivative (PID) 
controller is, issues relating to saturation effects are still being addressed using 
different techniques.  Saturation occurs when a system is experiencing 
integrator windup, that is, as the input saturates, integral error would be 
increasing.  If the error decreases, the increased integral value prevents the PID 
controller from returning to normal operations.  To overcome integrator 
windup, clamping and back-calculation anti-windup techniques with separate 
tracking time were applied.  The advantage of separate tracking time is to 
freely adjust and monitor the time saturation would occur.  The results 
obtained after simulation in MATLAB Simulink environment showed that 
both techniques gave similar outputs with a stable response of magnitude 0.95 
at 1.5 seconds settling time when a unit step reference input signal was applied 
as compared to conventional PID controller which had an overshoot of 1.04 
before settling at a magnitude of 1.0 which corresponding to a time of 1.5 
seconds.  Similar responses were obtained when outputs of the anti-windup 
controllers were combined to control the motorized globe valve.  When the 
anti-windup controllers were cascaded, vibration, instability, and operational 
distortions occurred.  This work has shown that windup phenomenon could be 
prevented using separate tracking anti-windup techniques and that anti-windup 
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1. INTRODUCTION  
Windup is a phenomenon that occurs when a controller that possesses integral action receives an error 
signal for significant periods of time, the integral term of the controller would increase at a rate governed by 
the integral time of the controller [1][2][3][4][5]. In other words, windup phenomenon is the stagnancy in 
output quantity of a system irrespective of the increase in input quantity of that system due to continuous 
increase in error quantity in the system. This characteristic is referred to as integral windup and it is the actual 
factor that is responsible for unchanged output of a system despite increase in error value.  Efforts to solve the 
windup problem have led to the emergence of several methods to prevent windup in any given system [6][7] 
[8][9].  
 This integral windup would eventually cause the manipulated variable to reach 100% (or 0%) of its scale, 
that is, its maximum or minimum limits of saturated non-linearity behavior. This control system ‘override’ 
could lead to a sustained error.  Override occurs when another controller takes over control of a particular loop 
[10]. The original controller remains switched on and still receives an error signal which through time, ‘windup’ 
the integral part until something is done to stop this occurring [11][12]. 
 This windup phenomenon is explained from linear models with the assertion that windup occurs due to 
limitations in the actuator when it reaches the actuator limits [13][14][15][16]. As this occurs, the feedback 
path is broken and the system runs in open loop because the actuator will remain at its limit irrespective of the 
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process output as long as the actuator is still saturated.  This would lead to build up of integral term since the 
error would be typically zero. 
 This would make the integral term and the controller output relatively very large. This in turn would make 
the control signal saturated and proper anti-windup approach would be need to eliminate this saturation [17]. 
This would lead to large transient which is referred to as windup effect [18]. 
Saturation could be defined mathematically in terms of static nonlinearity of Figure 1 as (1). 
 
𝑆𝑎𝑡(𝑢) = {
𝑈𝑚𝑖𝑛              𝑖𝑓  𝑢 < 𝑢𝑚𝑖𝑛  
                                  𝑢                 𝑖𝑓  𝑢𝑚𝑖𝑛 ≤ 𝑢 ≤   𝑢𝑚𝑎𝑥                
𝑢𝑚𝑎𝑥           𝑖𝑓 𝑢 > 𝑢𝑚𝑎𝑥
 
(1) 
where, 𝑢𝑚𝑖𝑛 and 𝑢𝑚𝑎𝑥 are the minimum and maximum allowed actuation signals. 
 Now, if 𝑢 is a vector with 𝑚 components, the saturation function is defined as the saturation of all its 
components (𝑈𝑚𝑖𝑛 , 𝑈𝑚𝑎𝑥𝜖 ℝ
𝑚) as contained in (2).      





]                               (2) 
 
  
Fig. 1.  Saturation of static nonlinearity 
 
 Part of the anti-windup approaches to mitigate this saturation effect is the use of model-reference adaptive 
control schemes with rate-limits [19]. Others are anti-windup schemes with tunable phase-shift which has been 
applied to correct windup phenomenon in voltage source converters. The performance obtained with this anti-
windup scheme showed an improvement over the conventional PID scheme [20]. Voltage redistribution-based 
anti-windup scheme has also been used as a controller instead of traditional PID scheme to reduce the effect 
of saturation in the operation of an induction motor.  This scheme could be applied to other areas of control as 
well [21]. An anti-windup scheme called “a newborn anti-windup” has also been used which focused on the 
state prediction of fractional integrator.  Once the state is established, saturation could be easily controlled [22]. 
This research work attempts to mitigate the effect of windup as applied to a motorized globe valve and 
explore effect of having both clamping anti-windup and back-calculation anti-windup connected in cascade 
and when their outputs are combined to control the motorized globe valve.  The rest of the paper is divided 
into research method/algorithm, results and discussion as well as conclusion. 
 
2. RESEARCH METHOD/ALGORITHM 
Proportional-Integral-Derivative (PID) controller still remains as the widely used controller for various 
applications in control system due to its simplicity [23]. Despite its popularity, PID controller exhibits windup 
phenomenon when the motor operates in a saturated state, which may cause degradation to the control system. 
In order to keep the windup effect at bay, some anti-windup techniques have been formulated such as; clamping 
algorithm anti-windup technique and back-calculation anti-windup technique.  
 
2.1. Clamping algorithm for PID 
 This algorithm was introduced by Astrom and Wittenmark in [24]. This applies to PID control laws 
implemented in incremental form as given by (3): 
 𝑢((𝑘 + 1)) = 𝑢(𝑘𝑇) + ∆𝑢(𝑘𝑇)                           (3) 
where 
 ∆𝑢(𝑘𝑇) = 𝑢(𝑘𝑇) − 𝑢((𝑘 − 1)𝑇)                          (4) 
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From (4), integration is stopped by the addition of a new ∆𝑢(𝑘𝑇) which causes a violation of the saturation 
band.  This makes this technique produce no integration and seamless switching between automatic mode and 
manual mode. 
According to [10], position digital PID control algorithm is given by (5). 
 𝑢(𝑡) = 𝑘𝑝 [𝑒(𝑡) +
1
𝑇𝑖





]                         (5) 
𝑘𝑝 is proportional gain; 𝑇𝑖  is integral time constant; 𝑢(𝑡) is output control quantity; 𝑒(𝑡) is deviation; 
 𝑒(𝑡) = 𝑟(𝑡) − 𝑦(𝑡)                             (6) 
Therefore, the following approximate transformation is obtained from (6), resulting in (7) and (8). 
 ∫ 𝑒(𝑡)𝑑𝑡 ≈ 𝑇 ∑ 𝑒(𝑖)𝑘0
𝑡
0







                (8) 
Then, the differential equation of PID controller translates into (9) as: 
 𝑢(𝑘) = 𝑘𝑝𝑒(𝑘) + 𝑘𝑖 ∑ 𝑒(𝑖)
𝑘
0 + 𝑘𝑑[𝑒(𝑘) − 𝑒(𝑘 − 1)]              (9) 
where, 
 𝑘𝑖 = 𝑘𝑝 ×
𝑇
𝑇𝑖
 ; 𝑘𝑑 = 𝑘𝑝 ×
𝑇𝑑
𝑇
                       (10) 
Since position is being controlled, outputs are related with the past state which would accumulate during 
computation [25]. Moreover, because the system output corresponds to the actual position of the actuator, 
failure of the system would cause substantial change in position of the actuator which could cause significant 
accidents.  This shortcoming leads to clamping PID control algorithm. 
From (9), 
 𝑢(𝑘 − 1) = 𝑘𝑝𝑒(𝑘 − 1) + 𝑘𝑖 ∑ 𝑒(𝑖) + 𝑘𝑑[𝑒(𝑘 − 1) − 𝑒(𝑘 − 2)]
𝑘−1
0            (11) 
By subtracting (11) from (9), (12) results: 
∆𝑢(𝑘) = 𝑢(𝑘) − 𝑢(𝑘 − 1) = 𝑘𝑝[𝑒(𝑘) − 𝑒(𝑘 − 1)] + 𝑘𝑖𝑒(𝑘) + 𝑘𝑑[𝑒(𝑘) − 2𝑒(𝑘 − 1) + 𝑒(𝑘 − 2)]         (12) 
From equation (4), kth PID controller output is given by (13). 
 𝑢(𝑘) = ∆𝑢(𝑘) + 𝑢(𝑘 − 1)                        (13) 
From (13) clamping PID control algorithm needs to reserve the value of the first two moments’ deviation. 
Therefore, three factors are important in clamping algorithm: 
i. limitation of the PID regulator output, that is, when 𝑢(𝑘) > 𝑢𝑚𝑎𝑥 , assume 𝑢(𝑘) = ±𝑢𝑚𝑎𝑥; 
ii. carrying out of the integral operation separately, |𝑒(𝑘)| > 𝑒𝑝, when deviation is large, P control is applied 
|𝑒(𝑘)| ≤ 𝑒𝑝,  when deviation is small, PI control is applied. 
iii. weakening of the integral method as the process approaches maximum limit.   
That is; 
If 𝑢(𝑘 − 1) > 𝑢𝑝 , the system is made to accumulate negative bias; 
If 𝑢(𝑘 − 1) ≤ 𝑢𝑝, the system is made to accumulate positive bias [26]. 
 
2.2.  Back-calculation anti-windup with separate tracking time algorithm 
The basis of this model is the conventional PID controller according to [27] [28] [29] [30] which is given 
as (14): 
𝐺1(𝑠) = 𝑘𝑝 +
𝑘𝑖
𝑆
+ 𝑘𝑑𝑆                            (14) 
where, 𝑘𝑝 is the proportional gain.  𝑘𝑖 is the integral gain.  𝑘𝑑 is the derivative gain. 
The anti-windup scheme to be developed in line with the design objectives as touching the limiter are 
related by (15), 
𝑈𝑜 = {
𝑈𝑚𝑎 ,    𝑖𝑓 𝑈 ≥ 𝑈𝑚𝑎
𝑈,    𝑖𝑓 𝑈𝑚𝑖 ≤ 𝑈 ≤ 𝑈𝑚𝑎
𝑈𝑚𝑖 , 𝑖𝑓 𝑈 ≤ 𝑈𝑚𝑖
                       (15) 
𝑈𝑜 is the limiter’s output, 𝑈𝑚𝑎 is the maximum output value of the limiter, and 𝑈𝑚𝑖  is the minimum output 
value of the limiter.  𝑈 is the input value of the limiter. 
From (14), the integral term is written in form of integral time constant, tracking time and input value of 
the limiter as contained in (16).  Therefore, 
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(𝑈 − 𝑈′)                                         (16) 
where, proportional gain is 𝐾𝑝 , integral time constant is 𝑇𝑖 , tracking time constant is 𝑇𝑡, 𝑈
′ is the process input, 
and 𝑈 is the controller output and 𝑒𝑖  is the integral term. 
In order to reset the integral term, 𝑇𝑡   is adjusted using (17) where 𝑇𝑑  is the derivative time. 
𝑇𝑡 = √(𝑇𝑖 × 𝑇𝑑)                         (17) 





                      (18) 







                      (19) 
From (19) 






             (20) 
Since, (𝑆) ≈ 𝑈(𝑆) − 𝑈′(𝑆) 
Equation (20) could be written as (21). 






            (21) 
Letting, 








Comparing ′𝑏′ and ′𝑐′, the effect of saturation would be reduced by 𝑇𝑡  factor in ′𝑐
′, thus preventing the actuator 
from reaching full saturation. 
This is the premise on which the back-calculation anti-windup with separate tracking time performs. 
2.3.   Simulation parameters used  
The motorized globe valve model used is given by (22) which is formulated from physical parameters of 




            (22) 
The stability of the motorized globe valve model was tested using root locus technique. The result 




Fig. 2. Root locus response of the motorized globe valve 
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The Proportional Integral Derivative (PID) controller used was auto-tuned in MATLAB and the 
simulation parameters obtained are displayed in Table 1 and Table 2. The performance and robustness 
parameter of the PID is shown in Table 2. For the PID tracker, the auto-tuned results for both clamping and 
back-calculation anti-windup techniques were the same as displayed in Table 3 and Table 4. Resulting 
performance and robustness parameters are given in Table 4. The obtained parameters were thereafter used for 
simulations of various configurations that were under investigation in MATLAB Simulink environment. 
 
Table 1. PID tuned parameter results 














Table 2. Performance and robustness parameters 

























81.5 dB @ 289 rad/s 
 





Table 3. Clamping and back-calculation tuned results 














Table 4. Performance and robustness parameters for clamping and back-calculation anti-windup 

























68.5 dB @ 277 rad/s 
 





2.4.   Simulation setup 
The simulation is setup as displayed in Figure 3 for comparison amongst, uncontrolled system, 
conventional PID, clamping, and back-calculation controllers.  Figure 4 is the simulation arrangement for the 
addition of clamping controller and back-calculation controller.  Figure 5 is the simulation cascade arrangement 
for clamping controller and back-calculation controller. 
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Fig. 3.  MATLAB Simulink arrangement of the anti-windup scheme 
 
 
Fig. 4.  MATLAB Simulink arrangement for combined controllers’ output 
 
 
Fig. 5.  MATLAB Simulink cascade arrangement of the anti-windup schemes 
 
3. RESULTS AND DISCUSSION  
3.1 Case 1 
The results obtained are shown in Figure 6.  The resulting curves displayed shows that for the uncontrolled 
motorized globe valve, does not follow the reference input signal as it peaks at 0.01 with a time delay of 0.1s. 
This result of the uncontrolled globe valve is unacceptable as its performance indicates an operational 
inefficiency. For such a system operation, short term effect is continuous repair due to frequent breakdown.  In 
order to mitigate this effect, a conventional PID controller is used to control the operation of the motor.  The 
result obtained due to PID controller show a delay in response time of 0.1s also. It has an overshoot of 
magnitude 1.08 and settling time of 1.5s. Then, when clamping anti-windup controller is applied to the 
motorized globe valve model, it is observed that there is no overshoot in relation to the reference input signal 
but has a rise time of 1.2s and settling time of 1.5s and the output magnitude of the settled signal is 0.95 as 
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compared to the reference signal magnitude value of 1. The same result is obtained for the back-calculation 
anti-windup controller for this application. For both clamping and back-calculation controllers, the output 
magnitude is pegged at 0.95 due to the need to prevent the integral part of the PID controller, in this instance, 
with tracking functionality, from reaching the maximum that could have led to saturation as experienced with 
the conventional PID controller. 
 
Fig. 6.  Simulation results 
 
3.2 Case 2 
It was desired that the clamping anti-windup controller be cascaded with the back-propagation anti-
windup controller in order to obtain an improved result.  Having carried out the cascading of the two controllers, 
Figure 7 resulted. This is an indication that the two anti-windup controllers could not be cascaded when 
improved output is desired. The result shows the presence of critical instability, noise, and vibration. So, the 
two should be independent of the other and used according to the peculiarities of the system at hand. 
 
 
Fig. 7.  Signal distortion due to cascading of back-calculation and clamping anti-windup techniques 
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3.3 Case 3 
Figure 8 shows the case of combining the outputs of both clamping controller and back-calculation 
controller and using the result to control the motorized globe valve.  The output is not different from the case 
of individual anti-windup controllers as displayed in Figure 6.  So, combination of outputs due to clamping 
controller and back-calculation controller is not necessary as this could lead to undue loading of the system 




Fig. 8.  Response of outputs addition due to back-calculation and clamping anti-windup techniques 
 
4. CONCLUSION 
Clamping anti-windup and back-calculation anti-windup techniques with separate tracking time have 
been applied to a model of motorized globe valve.  The performance results obtained indicate that the effect of 
saturation due to the integral term of the PID control action has been eliminated.  Also, when the results due to 
both anti-windup controllers were compared, there was no difference in their output responses, that is, rising 
time, settling time and overshoot were all the same.  Further investigation as to whether the output would 
improve when the two anti-windup systems were cascaded showed that rather than improvement, vibration, 
distortion, and instability of the resulting system were recorded.  However, when the outputs due to the two 
anti-windup controllers were combined to control the motorized globe valve, the same results were obtained 
as to when the individual anti-windup controller was applied.   
Overall, the two anti-windup techniques for this application should not be cascaded.  There is no need of 
combining the outputs due to the two anti-windup controllers for this application as there is no difference in 
the magnitude of 0.95 obtained when compared with the reference input signal of 1.0 supplied in all the three 
anti-windup configurations.  It was only the conventional PID controller response that had an overshoot before 
settling to a magnitude of 1.0 at 1.5 seconds.  Further studies could look into how to improve the responses due 
to both clamping anti-windup and back-calculation anti-windup in order to follow closely that of the reference 
input without compromising the integrity of the anti-windup phenomenon. 
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